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SUMMARY

An existing empirical analysis relating to the reorientation of liquids

in cylindrical tanks due to propulsive settling in a low-gravity environment

was extended to include the effects of geyser formation in the Weber num -
ber range from 4 to 10, Predicted liquid reorientation times and liquid
leading edge conditions compared favorably with experimental results ob-
tained from previously unpublished data. Estimates of the minimum ve-
locity increment required to be imposed on the propellant tank to achieve
liquid reorientation were made. The resulting Bond numbers, based on
tank radius, were found to be in the range from 3 to 5, depending upon the
initial liquid fill level, with higher Bond numbers required for higher ini-
tial fill levels. The resulting Weber numbers, based on tank radius and
the velocity of the liquid leading edge, were calculated to be in the range
from 6.5 to 8.5 for cylindrical tanks having a fineness ratio of 2. 0, with
Weber numbers of somewhat greater values for longer cylindrical tanks,
It therefore appeared to be advantageous to allow small geysers to form
and then dissipate into the surface of the collected 'iquid in order to
achieve the minimum velocity increment.

The Bond numbers which defined the separation between regions in
which geyser formation did and did not occur due to propulsive settling in
a spherical tank configuration ranged from 2 to 9 depending 1, m the liquid
fill level.

INTRODUCTION

For space vehicles using liquid propellants, the problem of position-
ing the propellant over the outlet of the tank in a low-gravity environment,
prior to the start of outflow, continues to be an area of concern. There
appear to be at least three liquid propellant management techniques that
might be utilized denending on the specific mission of the space vehicle.
One technique that might be utilized for the tanks of a propellnt resupply
vehicle, where liquid outflow over a long period of time under zero-gravity
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or very low-gravity conditions is required, would be the use of either a com-
plete screen liner or multiple screen channels (e.g., ref. 1). A second tech-
nique that might be utilized for a propulsion stage (or module) would be the
use of a start basket located over the tank outlet, such as proposed in refer-
Although the use of a start basket 100ks

promising for situations where a large number of engine restarts in space

ence £ for the Centaur vehicle.

is required, there are still some areas of uncertainty when a start basket is
proposed for use with a cryogenic liquid. These are primarily due to the
possibility of heat leaks into the basket drying out the wicking screens which
maintain liquid within the basket between periods of outflow.

One alternate technique to the use of a start basket for cryogenic propel -
lants may be to reorient (or position) the liquid over the tank outlet by means
of propulsive settling. This would also free the tank vent of liquid so that
venting of vapor could occur. Propulsive settling most often involves the use
of small auxiliary thrusters to reorient the propellant by providing a low-
gravity acceleration in the direction of the main engine thrust. In order ior
the propulsive settling technique to be competitive on a weight basis with the
start basket technique, the propellant usage and other weight penalties must
be minimized. This can be accoemplished by providing only the required ac-
celeration to the space vehicle for an optimum period of time (i.e., by pro-
viding a minimum velocity increment) so that the propellant is reoriented
over the tank outlet without initiating any vapor entrainment, excessive gey-
sering, or other unwanted fluid motion.

Efforts to experimentally determine the liquid reorientation character -
istics within propellant tanks were reported in references 3 and 4 for cylin-
drical tank configurations and in reference 5 for spherical tank configura-
tions. Liquid reorientation was generally achieved by imposing a constant,
low -level acceleration on the tank, starting from a weightless condition.

The primary purpose of this report is to extend the empirical analysis by
including additional data obtained from the original motion picture data films
for cylindrical tanks presented in reference 4, so that (1) the total liquid
reorientation time could be estimated for a given low-level tank accelera-

tion, and (2) the required vehicle acceleration and propellant reorientation
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time could be optimized to obtain the minimum auxiliary thruster propellant
usage (i.e., the minimum velocity increment imparted to the space vehicle)
by allowing some geyser formation to occur,

No equivalent analysis exists
for a spherical tank configuration,

However, a secondary purpose of this
report is to present data from the motion picture films for the test results

for spherical tanks reported in reference 5 to indicate the Bond numbers
where geysering of the liquid begins to occur,

The work presented herein was intended to be a preliminary effort in
examining (1) the liquid reorientation characteristics for both cylindrical
and spherical tank contigurations, and (2)
gained by using either a constant low-level tank acceleration or an inter-
mittent higher -level tank acceleration. In this preliminary effort, no ex-
perimental data generated from recent drop tests was obtained,

the potential advantages to be

SYMBOLS

a acceleration, cm/sec2

Bo
FL
Fk

Bond number, aTR% /13

ratio of liquid volume to tank volume, v, /vT

fineness ratio, tank length ‘tank diameter
length, em

radius, cm

time, sec

velocity, cm,/sec

instantaneous liquid leading edge velocity at convergence of tank
bottom, cm /see

instantaneous liquid leading edge velocity at intersection between
cylindrical and spherical portions of tank, em/sec

volume, cm3

Weber number, (v )2
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3 specific surface tension, 0/, cm?’/sec

¢ liquid density, g/cm°

o liquid surface tension, dynes/cm
A increment

Subscripts:

¢ cylindr

i initial distance liquid leading edge must travel along cylindrical
section of tank during reorientation

] distance liquid film must travel along cylindrical section of tank
wall after reorientation to reach flat liquid/vapor interface

L leading edge

1 liquid
0 ullage
T tank
t total

1-5 reorientation phase

APPARATUS AND PROCEDURE

The experimental apparatus was described in detail in references 4 and 5.
The experimental tests were conducted in a 2.2 second zero-gravity drop
tower facility. The initial acceleration on the experiment package as a result
of air drag was kept below 10"5 g by allowing the package to fall freely inside
a protective drag shield. This allowed the formation of a highly-curved
liquid -vapor interface representing the initial zero-gravity conditions as noted
in figure 1. A low-level acceleration was then imposed on the experiment
package by means of a cold-gas thruster to reorient the liquid to the opposite
end of the tank. The magnitude of the reorientation acceleration ranged from
approximately 0,005 to 0.1 g. All data were recorded photographically, and
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time measurements were obtained by viewing a precision sweep clock with
a calibrated accuracy of approximately +0.01 second.

The liquids and test tanks employed in the experimental investigation
were, in general, representative of the properties and tank geometrics of
typical liquid-propellant systems. The physical properties of the liquids
used are noted in table 1. All liquids were analytic reagent grade and ex-
hibited static contact angles very near 0° on the tank surfaces. The basic
test tank configurations were:

(1) cylindrical tanks with convex hemispherical ends. The tank radii
ranged from 1.65 to 3.22 centimeters (0. 65 to 1.27 in.), and the fineness
ratios (total length to diameter ratios) ranged from 2.14 to 4.

(2) spherical tanks. The tank radii ranged from 2. 43 to 3. 06 centi-
meters (0. 96 to 1.20 in.).

DISCUSSION OF RESULTS
Cylindrical Tank Configuration

A summary of the test conditions for the cylindrical tank configuration
(convex bottomed tanks, ref. 4) is shown in table II. The liquid fill levels
(FL) for these tests ranged from 0.29 to 0. 83. The Bond numbers result -
ing from the applied tank acceleration levels ranged from 3.0 to 6. 7.

In each of the experimental tests, the low-level tank acceleration was
applied to provide the propulsive reorientation of the liquid to the opposite
end of the tank where the outlet was assumed to be located (fig. 2(a)). The
acceleration was applied at approximately the time that the liquid-vapor in-
terface at the tank iongitudinal centerline made its first pass through the
normal O-g equilibrium location. The applied acceleration initiated the
flow of a film of liquid along the wall of the tank. The characteristic ve-
locity (VL) and acceleration (ay ) of the leading edge of the liqud film as
well as the velocity of the vapor ullage bubble (VO) as noted in figure 2(b)

have been characterized previously (ref. 4).
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The basic scquence of events occurring during the reorientation process

are shown in figure 3. The ieading edge of the liquid film moved toward the
bottom of the tank at a rate detined by the acceleration (aL) while the vapor
ullage bubble moved toward the top of the tank at a relatively constant velocity
(VO ). Once the leading edge of the liquid film impinged on the bottom of the
tank with velocity VL, the liquid began to collect in the bottom of the tank.
If the velocity of the leading edge (Vi_‘) was sufficiently large (as definec by
the Weber number criteria (We > 4), ref, 4)), 2 geyser started to form al-
most as soon as the liquid began to collect. Assuming that the Weber number
(We = (VL)2 RT/,J) was not too large (We < 10, for example), the axial pro-
gression of the geyser slowed and then regressed so that the geyser would
dissipate into the surface of the collected liquid. While the liquid collected
at the bottom of the tank, the ullage bubble reached the top of the tank, and
the liquid film started to clear from the tank wall. The total time required
to reorient the liquid was then considered to be the sum of either t'1 + t2 +
t3 or t, + t5, whichever value was larger. The technique used for calcula-
ting the time for each phase of the reorientation process is given in appen-
dix A. In general, the time for each phase was written in terms of the final
leading edge velocity (VL), the tank geometry and the {ill level (FL). The
leading edge velocity was determined by the value of the Weber number that
was considered. The Weber number also defined the severity of the geyser-
ing that was to be considered. The applied tank acceleration required to
produce the specified reorientation characteristics was then calculated The
listing of a relatively simple computer program to provide the various cal-
culations required is given in appendix B. _

A comparison of the measured and calculated leading edge parameters
as well as the times required for each phase in the reoricentation precess to
occur is shown in table ITI, The agreement between measured and calculated
values is generally good. Discrepancies of any significance were provably
due to the failure to achieve a quiescent 0-g liquid-vapor interface prior to
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the mitiation of thrusting. Difficulties in locating the leading edge and 1n

reading the scale placed alongside the tank due to the motion picture camera
being improperly focused also contributed to the uncertainty of some of the
measured values, In many cases where the measured values are not shown,
the available drop time was not sufficient to complete the liquid reorientation
process. Equation (A11) in appendix A, which was used to predict the time re-
quired for a small or moderate sized geyser to form and dissipate into the
liquid surface, was based on the measured results from tests 1, 5, and 7.

In all other tests where a ceyser was formed, the available drop time did

noi allow observation of the complete formation and dissipation of the geyser.
Alsc, the available drop time did not allow for a definitive observation of the
time required for the liquid film to clear from the tank wall once the ullage
bubble had reached the top of the tank., Therefore, equation (A19) 1n appen-
dix A represented only a crude approximation, at best, of this phase. More
analysis supported by experimental testing would be necessary to provide a
better estimate of the time required.

The characteristics of the formation and dissipation of a small geyser
are shown in figures 4 and 5 for tests 1 and 5, respectively. The geyser for-
mation started almost immediately after the leading edge had reached the bot -
tom of the tank and before much liquid had accumulated as can be noted in
ficures 4(a) and 5(a). The geysers formed rapidly and then dissipated into the
surface of the collected liquid after a relatively short period of time. There
was no indication of turbulent liquid motion or small bubble formation durimng
this period of time. In both cases, the Weber number calculated for these
tests was somewhat greater than 4. The curves faired through the data were
used to determine the geyser tip velocities relative to the tank as shown in
ficures 4(b) and 5(b).
very high in the upward (positive) direction, and then exhibited an §-shaped

In both cases, the geyser tip velocities were mimtially

curve as the geyser tip reached its maximum height and then settled into the
surface of the collected liquid. The velocities of the surface of the collected
hiquid immediately after the geyser had dissipated were approximately twice
the calculated vapor ullage bubble velocities (VO 1.60 and 2 64 centimeters

er second (0. 63 and 1. 04 in sece) for tests 1 and 5, respecuvely)  This may
p P
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have indicated, perhaps, that the liquid reorientation flow process had not
reached a steady state condition prior to the end of the drop.
: Since it appeared that the empirical model presented in appendix A pro-
; vided a reasonably good estimate of the time required to reorient the liquid,
it was then of interest to optimize the acceleration levels to be app'ied to the
‘] tank so that the liquid would be reoriented with 2 minimum velocity increment
, (AV = aTt). The results of a series of calculations for a 3.22 centimeter
i (1. 27 in.) radius tank are shown in figure 6 for a range of liquid specific sur-
face tension from 11.8 to 40.9 cubic centimeters per second squared (0 72 to
2.50 in3/sec2). The results indicated that it was desirable to apply an accel-
eration level to the tank so as to allow a small geyser to form (i.e., the min-
- imum velocity increment occurred for a Weber number slightly greater )
7 ‘ than 4). The geyser would then have been dissipated into the surface of the
collected liquid prior to the time that the liquid film cleared from the tank
wall. As the liquid fill level was increased, the applied acceleration and
Weber number could be increased because of the increased time required
for the ullage bubble to reach the top of the tank. The minimum velocity 1n- '
Lo crement for a given fill level occurred at the same Bond number :egardless [
B of the value of the liquid specific surface tension. j !
It should be noted that, at the minimum velocity increment, the total re- Co
L orientation time was generally defined by tt =t 4t tb’ as is shown in table IV ‘
e for the same conditions noted in figure 6(a), for example. The calculated
time (t5') for the liquid film to clear from the tank wall was a substantial por -
| tion of the total reorientatic» time. Since this calculation was also the weak -
B est link in the empirical model presented in appendix A, a better definition of
: X this phase of the reorientation process is a necessity for future work. The
y total reorientation time tended to be relatively insensitive to the liquid fill
AR level. The resulting values of Weber number for the minimum velocity -
. o increment reorientation varied between 6.5 and 8.5.
3 The minimum velocity increment is plotted as a function of the hiquid fill z
AN level (FL) in figure 7 for the three values of liquid specific surface tension ‘
|
!

considered previously in figure 6. The minimum velocity increment required
to reorient the liquid increased with specific surface tension and also with fill
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fill levels of 0. 60 and greater for a tank

0. the liquid would most likely wet the entire tank

In this case, the values of tl and ty for the
(as noted in the sample output of the com=
locity increment rem ained at

level up to a fill 1evel of 0.60. For

with a fineness ratio of 2.
wallina 0-g environment.
process would be zere

and the minimum ve
cific surface tension. 1In the

o leading edge was still
) could still

reorientation
puter program. appendix B),
a relatively constant value for each value of spe
calculations. however. it was assumed that a pseud
present s0 that a leading edge velocity (V'L) and acceleration (ag,
be defined by means of equations (A5) and (AG) in appendix A where VL 0.
This assumption, too, needs to be analyzed further and then supported by
experimental testing.

The velocity increment as
ure 8 for a gmaller tank radius (RT
considered in figures ¢ and 7. The resulting minimum velocit
iere it is compared with that of the 399 cenumeter

casing the tank radius results

It can be seen that incr
elocity increment required to reorient the

iber is shown n fig -

a function of Bond nmun
79 in)) than that

9.0 centimeters (0.
v mmerement

is shown in figure 9 wi
(1.27in) radius tank,
in a decrease in the minimum Vv
liquid.

The velocity increment for increasingly longer eylindrical tanks having
a radius of 3. 929 centimeters (1.27 in) and a fineness ratios of 3.0 and 4.0
a) and O, respectively. Comparing figure G(a) along
¢ seen that the minimum volocity mnere-

weber number as the fineness ratio

is shown in figures 10¢(
with figures 10(a) and (b), it can'b

ment occurred at higher values of the
1w could be increased because of

o reach the top of the tank
a lonLer time available

. the severity of the geyseril

increased (i.e.
d for the ullage bubble t

the longer times require

as the tank length was increased. Henec, there was
ation into the qurface of the collected liquid )

for geyser cerowth and dissip
as a function of f1ll tevel for

ocity increment is plotted
0, 3.0, and 4.0 in figure 11
ocity increment require

The minimum vel
As the fineness ratio was

fincness ratios of 2
d to reorient the liquid

increased, the minimum vel
en liquid fill level.

at which the mimnimum v
il level in figure

also increased for any oiv
The required Bond number
as u function of the

elocity increment
occurred is shown 12 tor all of the

T N
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data previously calculated and presented in figures 6, 8, and 10. For a fine-

ness ratio of 2.0, a single curve was obtained for all values of the liquid spe-

cific surface tensior. and tank radius considered. For the increasingly longer

tanks considered (FR = 3. 0 and 4.0), the data fell in the shaded areas adjacent
for FR =2.0. The data were displaced slightly from the curve in
This may have been just a problem with the iteration tech-

to the curve

a random manner.

nique for calculating the required tank acceleration at a given Weber number
for all values of fill level plus a slight geometry cifect for fill levels g: eater

(28 Y

than 0.60. In general, Bond numbers iu the range from 3 to 5, depending on

the fill level, were required for minimum velocity -increment reorientation of

the liquid,

A calculation of the velocity increment required to reorient liquid hydro-
gen in a 200 centimeter (6. 56 ft) radius tank having a fineness ratio of 2 0 was
conducted to gain an insight of the propulsive reorientation requirements for a
more representative size propellant tank. The selection of this size was ar-
bitrary and was not representative of any particular space vehicle. The re-
sults of the calculation are shown in figure 13. The reorientation times and
the acceleration levels required to provide the minimum velocity increment

over a range cf fill levels are noted in table V. The minimum velocity -
eration levels of 0.0015 (o 0.0022

° ft,r"secz) for a period

P

increment reorientation would require accel
centimeters per second squared (4. 9x107° to 7.2%10"
from 35.9 to 39. 2 minutes. The values of the minimum velocity increment \
required ranged from 3.28 to 5.23 centimeters per second (0.108 to 0.172

ft /sec). It should be noted that these required acceleration levels are €x- \
tremely small, ranging from 1. 551075 to 2. 2‘,\’10"6 ¢. Depending upon the
orbital altitude of the spacecraft, these accelerations may be about the same
order of magnitude as the normal atmospheric drag. Therefore, depending
upon the attitude of the spacecraft during the reorientation process, it may

be necessary to increase the thruster size simply to overcome some compo-

nent of the atmospheric drag in addition to the thrust required to reorient the

propellant.
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Spherical Tank Configuration

for initially curved and initially fl1at liquid =vVapor interface COnfl{.‘,UI‘LI(i()nS,
Iéspectively, The tests for the initially curved interfare were conducted by
allowing g short period of time under 0-g conditiong for the interface to
achieve g curvature approximating the normal Qg equilibriuy,;, configura -
tion with a centrally located ullage bubble before applying a low leve] acce) -
ération to the tank to reorient the liquid. The tests for the initially flat ipn-
terface were conducted by firing the thruster prior to the time that the ex-
periment package was released for the drop. The thruster then provided g
low level] acceleration continuously during the drop to reorient the liquid
Under both types of test conditions, geysers were observed to form during
Some of the tests gg noted in tables v and VII. A sma]] geyser was arbi-
trarily defined to be limited in growth to a maximum height of approximately
one-third of the tank radius or less, A moderate to Severe geyser was ar-
bitrarily defined to have a4 maximum height greater than one -third of the tank
radius, with the distinction between moderate and severe being somewhat
subjective.

An empirical model to describe the liquid reorientation procesy for a
spherical tank undergoing a constant low-leve] acceleration in g manner
similar to that for a eylindrical tank as presented in appendix A does not
exist, However, it Was possible to define the range of Bond numberg where
a geyser would or would not occur from the data bresented in tableg VI and
vo. Extrapolation of this datq, which is plotted in figure 14, indicated that
the maximum, Bond number for which no seyser formation would be expected
to occur ranged from approximately 2 to g over the range of fi)) levels
0. FL. 1.0 Increasing the Bond humbers to approximately 4 to 1] over
the same range of fil] levels appeared to define the boundary between smg))
and moderate to severe gevser fornmti(ms. although the data was udmittodly
limited to just a few data points,

=3
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CONCLUDING REMARKS \

The inform~.i.n presented herein 1epresent2” oniy an iilial ook at the
characteristics of liquid reorientation in a low ¢gravity environment by means
of propulsive settling. Problem areas that were already pomnted out as need -
ing further investigation included:

1. Determination of the parameters affecting the growth and dissipation

of zeysers in both cylindrical and spherical tanks.

: 2. Determination of the time requiced to clear the hiquid film from the
tank wall after the bulk liquid has been reoriented in both cylindrical and
spterical tanks,

3. Determination of the uilage bubble rise velocity in cylipgdeical tanks
for cases where the tank is nearly full and the ullage bubble diameier 1s
much smaller than the tank diameter.

B 4. Determination ot the parameters coverning the basic liquid reorienta-
' tion process in spherical tanks so that the minimum velocity wcrements re-

quired may be calculated.
, In additican, it would also be of interest to develop an analyticil model that
‘ would zllow characterization of the liquid reorientation process during inter-
mittent propulsive settling (intermittent thrusting). This technique mav offer
<~ome advantages over the use of continuous thrusting.

And finally, it is necessary to develop experimental techmques and test
facilities to verify analyses using reasonably sized test tanks and allowing
times sufficiently long to observe the complete reorientation process. \

Cod

SUMMARY OF RESULTS

An existing empirical analysis relating to the reorientation of liquids due

o
to propulsive settling in cvlindrical tanks was oxtended tu include the etfects ;
of gevser formation in the Weber number range from 4 to 10. An estimawe :
- of the reorentation times and optinium velocity inerements required to re- |
\ { orient the liquids in the bottom of cvlindrical tank configurations was made '
,\4 In addition, the Bond number criteria to denote the conditions under whc¥g j »
E?? B ceyser formation would occur in spherical tanks was determned.  All i |
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i & experimental data were obtained from a reexamination of the data films orig- ;

h 1; inally obtained for the experimental investigations reported by Salzman,
i ‘i Labus, and Masica in references 4 and 5. The following conclusions were '
"ty reached: "

S 1. The empirical analysis predicted liquid lcading edge conditions and B
j 2 -eorientation ‘imes which compared favorably with those determined experi-

mentally for cylindrical tank configurations where data were available, The
time for small geysers to form and dissipate into the collected liquid surface
was characterized. The time required to remove the residual liquid film

remaining on the tank wall once the ullage bubble reached the forward end of
the tank was characterized in a rough-order -of-magnitude sense. Unfor-

tunately, very little experimental data was available concerning this phase El
of the liquid reourientation process, even though a considerable portion of ‘\
the total required reorientation time was attributed to it. :

2. Calculations of the minimum velocity increment required to be im- :
posed on a cylindrical propellant tank for reorientation of the liquid to occur
indicated that Bond numbers in the range irom 3 to 5, depending upon the
liquid fill level, were required. Bond numbers appeared to be independent
of the fineness ratic of the tank. The resulting Weber numbers for the liquid '
leading edge at the minimum velocity increment conditions (based on tank ,
radius and instantaneous liquid leading edge velocity at the tank bottom) wer=> :
calculated to be in the range from 6,5 to 8,5 for rylindrical tanks having a
fineness ratio of 2.0. It, therefore, appeared to be advantageous to allow a
small geyser to form as long as it regressed and dissipated into the surface
of the collected liquid prior to the time that the residual liquid film cleared
from the tank wall, Somewhat higher values of the Weber number (i.e., ,
somewhat more severe geysering) were calculated for longer (FR © 2) .!
cylindrical tanks.

3. The Bond numbers for a spherical tank configuration which defined
the separation between regions in which geyser formations would and would
not occur due to propulsive settling were extrapolated from available data \
and appeared to be in the range from 2 to 9 depending upon the liquid fill
level,

[ SRR

r

,;LA',

P

Ly

s
%
b
i";}
a5
o
o
L)
%
g_‘
i
B
§
e.
!‘
#
4

L T

AT IR TR ERYY OO B p e e i




TR S S e

.

el L €T

T TR <

14

APPENDIX A

ESTIMATE OF LIQUID REORIENTATION TIME FOR A
CYLINDRICAL TANK CONFIGURATION

The fineness ratio for a cylindrical propellant tank having hemispher -

ical ends (fig. 1(a)) was defined as the ratio of the total length to the diam -
eter, or:

2 +{
FR = i_c (A1)
ZRT
The volume of the tank is then:
_4 3 2
Vo = g-rrRT + lcnRT
- <FR - l) 2rR3 (A2)
3

For a partially filled propellant tank, the length (li) of the cylindrical
section of the wall that the leading cdge of the liquid must travel (fig. 2(b))
must then be determined. Assuming that the liquid fill level (FL) of the
propellant tank is given, the length (li) cau be determined from:

4 3
.- (1 - FL)VT - gn'RT
! 2
nRT
1 2
=1(1 - FL)IFR - 2}-%2{92R A3)
[( < 3> 3] T (
! l ! ‘ ‘ ! ' ! ! ! ‘ |
I T A A IS A U T R N N
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It is desired to reorient the liquid from one end of the tank to the other
by applying a constant low-level acceleration to the propellant tank in the
direction noted in figure 1(b). In order to minimize the resulting velocity
increment imposed on the tank, it is necessary to expend only the amount
of energy required to reorient the propellant without creating vapor entrain-
ment, excessive geysering, or other unwanted fluid motions,
of any of these conditions indicates that excess energy has alr
barted to the liquid, and that ev
the settling thrusters to finally
condition,

The presence

eady been im -
€n more energy will have to be exper.ded by

settle the liquid to a relatively quiescent

Previous work conducted and reported in reference 4 indicated that a
Weber number criteria may be utilized to describe conditions of liquid
motion within the propellant tank where excessive geysering of the liquid
can be avoided, The Weber number was defined as:

(A4)

where VL is the velocity of the 1i
of the longitudinal centerline,
given which limits the disturb
then assumes a specific value

quid impinging on the bottom of the tank
Once the value of the Weber number has been
ances imposed on the liquid, the velocity (V)

: \1/2

vy =<‘_’V&> (A5)

R
T

The velocity of the leading edge of the liquid

at the cylinder /sphere
intersection of the tank was further defined in ref

erence 4 as:

e

- 1/2
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Assuming that the leading edge acceleration is

constant, the velocity
(VL') can also be written as:

"o 1/2

vy = (2ap 2,) (A7)
Substituting equation (A7)

for the leading edge accelerati

specified velocity

into equation (A6) results in an expression

on that is dependent only on the initially
VL and the tank /liquid geometry:

t\2
(VL)
2(Zi + R

0

L:
T)

(li) to the cylinder /sphere tank Intersection can then be determined from
V" /
R - (ALILI T Rp)1/2 (49)
, Vi

The additional time for the 1i

quid to flow from the cylinder /sphere tank
intersection to the bottom of the t

ank can be given by:

VL ‘VL

ar,

2(1i+RT)1 < li )1'/2

\'A . +R

(A10)
L
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For the cases where the liquid fill level in the tank was sufficiently
large such that the calculated value of [, (eq. (A3)) was negative, it was
assumed that the liquid wetted the entire tank surface and values for t1
and t2 would then be zero.

For the cascs where the Weber number was greater than 4, but less
than 20, drop tower films indicated that a geyser would form and then
disappear into the liquid collectirg at the bottom of the tank (ref. 4). The
ceyser formation started alniost -mmediately after the leading edge of the
liquid reached the bottom of the tunk. The time required for the geyser
to form and then disappear was assumed to be a function of both the Bond
number and Weber number, From the limited data available, it appeared
that the frllowing empirical equation would predict the required time:

3 1//2
R
T
= 0.0516B _We <_} (A11)

t
3 3/

The time required for the ullage bubble to reach the top of the tank
was described by:

¢ 1 for 1,0 (A12)

Noting that:

1 1/2
V= <§_§ aLRT> (A13)

from reference 4, equation (A12) can be rewritten:

- 2.76 c 1 (A14)
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For the cases where the tank was relatively full, and the calculated
value of 7, <0, the distance that the ullage bubble had to travel was cal-
culated from:

where:

R - (3 v \W3_[3y (1-rL))l/3 (A16)
0 0 T
47 47

The time for the ullage bubble to move to the top of the tank was then
determined from:

4= — (A17)

For the computational process, it was assumed that VL could be still
described by equation (A5) and that ay could be calculated from equa-
tion (A8) where ;= 0. The time for the ullage bubble to move to the top
of the tank was then calculated from:

2[R ¥ FR) -R (R X FR) - R
ty = LB 0] _ 5.5 B — (A18)
A2 vy
L VD)
= 5o R
3.8 2R

SR T S SRR LR
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Values of ty calculated in this manner probably become more and more
sub,.ct to question for R0 <L RT‘ Howcver, this technique was used for lack
of a more reliable method of calculating the ullage bubble velocity in a low

gravity environment.
The time required for the liquid film on the tank wall to disperse once the

ullage bubble had reached the top of the tank was calculated from:
1. + R
ts =2 <_J__E> (A19)
V'
L

o
1\ 1
1. = [(FR -1) - FL (FR - §> ‘ §]2RT

where

]

It was assumed that the liquid/vapor interface was essentially flat due to the
applied acceleration during the reorientation process. This may or may not
be true depending upon the level of the applied acceleration being considered.
It should be noted, however, that equation (A19), at best, represents only an
estimate of the time required to disperse most of the liquid film. Equation ; /
(A19) has not been confirmed by any drop tower data due to the limited low- S
gravity environment time available (ref. 4). Any refinement of the time re- :
quired to disperse the liquid film will necessarily have to be the subject of \
further invr.stigation.

The total time required to reorient and settle the liquid in the bottom of
the propellant was taken as the greater time calculated from either:

=ty +ty +tg (A20)
or

tt =ty +t5 (A21) : )
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The tank acceleration required to reorient the liquid in the bottom was

uetermined by an iterative process from the following equation (ref, 4):

~— 9 —
‘ RT/4 i3
LY
_ /2], 70,843\ |
V, = 0.48GpRp) 7|1 (""é) (A22)
L rRr

The velocity increment required to reorient the liquid was then determined

from:

AVy = agly

2. S K T 4;“,;«:‘«;5.‘ TR S eris Lol

The velocity increment is indicative of the propulsion system performance

required; the lower the AV, the smaller is the amount of propellant re-

quired by the propulsion system assuming all other things are equal.

FE

S dgee - 5t 2 LT

Y N )
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OF POOR QUALITY 3
APPENDIX A

LISTING OF COMPUTER PROGRAM TO ESTIMATE LIQUID

REORIENTATION TIME DUE TO PROPULSIVE SETTLING
, IN A LOW GRAVITY ENVIRONMENT
\‘_‘1;-‘.‘
i C
' c PROPULSIVE SETTLING IN A LOW GRAVITY ENVIRONMENT
4 € COMPHTER PROGRAM_TO ESTIMATE [ IOUID REORIENTATION TIME FOR A
1 c CONSTANT LOW-LEVEL THRUST
c o . _ o
< M Z NUMBER OF WEBER NUMBER AND ASSUMED ACCELERATION LEVELS
, c CONSINERED
i‘r c
’ READ(S5,2)M i
N 2 FORMAT(IG)
g i c .
3 c N = NUMBER OF LIQUIC FILL LEVELS 7O BE CONSIDERED FOR EACH WEBER
a3 C N__H_ ER
B c
b} S —
4 DIMENSION FLI15)
] READ (5,12)N
- f 12 FORVAT(Ib)
1 TTREAD(EL1UNCFLCIY ,TZ1,N) ‘ ,
§ L 14 FORMAT(F6.2) 7 ,
: REAL LC LI LY T
14 READUE,1SIRT,FR,B !
4 15 FORMAT(ZF6.2) .
c ;
13 DETERMINE TANK VOLUME FROM RADIUS AND FINENESS RATIO (EOQ A2) .
c
VIZ(FR-(1.0/3.0))1%6.28319%(RT»23,0)
LC_E?.COR_Y#(FR-l «0)
S CONTINUF
READ(S,8)WE 4AT
8 FORMAT(2F64.2)
c
¢ WE = SPECIFIED WERER NUWBER FOR REOPIENTATION -
C AY = ASSUMED (OR INITIAL)} VALUE FOR TANK ACCELERATION
| $S-u.C01
. 1= )
' 16 CONTINUE
VLzZVI*F (1)
¢
) C DETERMINE THE LOCATION OF THE INTCRSECTION OF THE INIVIAL 0-6
\ - C LTQUIN/VAPOPR INTERFACE WITH THME TANK WALL (EQ A31 -
g c ,
- — - —_
Ve LT C-FLUIDNI O (FR-(1,073. 000 -12.0%11.,073.001))1¢2,CoRT _i \
N IFIL].LE.S)IGO TO 50 S )
4 e T T A
P C PREVIOUS STATFEMFNY DETERMINFS IF FILL LEVFL IS SO LARGE THAY A :
< SPHERICAL ULUAGEL BURBULE WwILL EXIST aT EN) OF TANK
, c
2 TTT€ T DETERMINATION OF TIME FOR LEADING ENGE TO MOVE DISTANCE LI T0
i _ € INIERSLCTITON By TWFEN CYLINGRICAL SIDEWALL AND HEMISPHERICAL END OF
O} c TANK (EQS AS TQ A9) I
F < — -
1 3 }
na 1
- . ' ' : ) ' 1 [ l
’ . | ! | [ " i ! ! ’ ? |
S SRS S P A : - L ~
%M. B R T o o o g ..AJ
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1 i ‘ ,
. t | ‘ t ! ! | }

Vir-sOrRT(tuE*BI/RT)
ALZIVLPee2,0)/7C2.78(LT*RTID

' VLPP-SORT(2.5¢ALsLT)
712¢2.0/VLP)ISSQRTCLIIOSORT(LTeRT)

DEYERMINATION OF TIME FOR LEADING EOGE T0 MOyE FROM CYLINDER/SPHERE

TNYERSECTION 10 APELX OF HEMISPHERICAL END (EQ ALC)

[N {2 Na)

'2=C2o0O(L!0RI)IVL?:O(1-0~S°RIGLII|LXORYD)D

CALCULATE VELOCITY OF RISE OF ULLAGE BUBBLE (EQ A13)

(o N ailal

VO-SaPY{ALsRT/3.8)

DETERNINATION OF APPLIED VANK ACCELERATION AND BOND NUMBER (EQ 2220

[a N allsl

18 K2}
20 CONVIwUE

FXP=(ATO(RT482,011/(4,.T¢B)
VDl:O,QGUgSQ&l}I!ORY)lo(1.0'((O.UUORlI(AIOlthOZ.O)llggg!f)

voD=vO0-Vol

DIFFV=0.0025¢V0
TFUABS(VOD).LT.DIFFVIGO TO 40

e ——r-

TFIVOD)30,32,34
30 AT=AT-(C.000z%AT)

K=Ke}
60 V0 20

32 60 10 uC
34 AISAT#(C,CO02%AT)

K=Kl
60 10 20

80 CONTINUE
B0-ATe(RTe02,0)/8

DETERWINATION OF VIME REQUIRED FOR GEVSER 7O FORM AND REGRESS INTO

[o1la .Y

SURFACE OF COLLECTED LIOUID (EQ Al})

IFCNE.LE.0.0060 YO al
'320005160BOGUEOSOR1((RY“S.O’IQ'

ek
1ad

60 10 82
a1 CONTINUE

13=0.0
42 CONTINUE

IFCLI.LE.SIGO TO &5

DETERMINATION OF TINE REQUIRED FOR ULLAGE BUBSRLE 70 RISE TO JOP OF
VAN (LIQUID COLLECTING IN ROTTON OF TANK) (EQ AlM)

A O

'C=2.!§?|LC-LllllVLPO(SORY(R‘I(LI'RYll))

85 CONTINUE

ESTINATE OF TIME REQUIRED FoOR LIOUID FILM ON TAKK wALL YO DISPERSE
(6Q A19)

-4

lJ=2-9‘9“'(f"l-Ul’lfLilIOIfl‘(lqolS.Ql)"(l.OllonD!

LJ WAS CALCULATED ASSUMINE THAT THE LIQUID/VAPOR INTERFACE WAS

TLAV AFTER REORIENTATION

T8=2.CoU(LJI*RT)/VLP)

DETERNING MAXINUR TINE OESCRIBING REORIENTATION PROCESS (EQS 420
AND 821!

[a1ta N alls] (ol 2 Lol el oo nn

LASRRTEAF AR

———e e
TV2zT0eT5

. _ IFEI1}.61,172160 10 83

[
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) ! C DEVTE./"INATION OF REQUJIRED DELTA ¥ ON JANK (EQ A23)
B C
. ’ —— . __DELYVz=ATAYT?2
. - Tioi-112 .
( 60 70 84 ‘ f

43 CONTINUE
DELV=ATSTT]

TT0L-TTY !
. —_——— %% CONTINUE j
S FLI-1CO.0®FL(T)
. IF(I.CT.1)G0 10 80
' 60 70 60
) T &0 CONTINUE
’ c 4
} [ CALCULATIONS FOR VAPOR BUBBLE DIAMETER LESS THAN TANK DIAMETER
c
) 1120.0
¥2=0.0 {
C
C ASSUME THAT THE VELOCITY AT THE APEX OF JHE NEMISPHFRE CAN STILL |
A\ C BE DEFINED BY THE WEBER NUMBER CRITERIA . ;
4 C
VLPZSCRT{IWE*BIZRYY
; [4
€ FURTHER ASSUME THAT V(PP = O 50 THAT (EQ A&) 1
a1 VLPP=0.0 ‘ ‘
{ ALZ(VLPe#2,017(2.0%RT)
) C Z
i [ FLUID cOLLECTION TIWE 10 SEYTLE IN BOTYOR OF TANK
C
-

VOzSORT{AL*RY/3,.8)

CALCULATE ULLAGE BUBBLE RADIUS (EC A16)

RO-C.E203Se IV (1. 6-FLUIT V%40, I3}

R
ooln

CALCULATE TIME FOR ULLAGE BUBBLE 10 MOVE 10 OTHER END OF TANK ,
(EQ Al8) ]

[2lla R alla]

- TAZS SIS ((RTSFR)=-ROI/VLP f
| B0 YO 18
: ®C WFITiio,0ZiIN Co!
T B2 TORPAYOIHT, IIHYANK TADY DS S F6.24TX,2HCH)
MRITE(6,63)FR
63 FORMATUIHC,21HTANK FINENESS RATIO =.F6.2)
WRPITElb,681VY
8 FORMATIIHC, ISHYANK VOLUNE S,F6.2,1X.3HCH )
WRITE(6,6518R
65 FORMAT(IHO,3SHSPECIFIC SURFACE TENSION OF FLUID TyFb0e291X,8HCH3/SE
$C2)
WRITE (6,66 1NE
66 FORMAT(IMO,#SHWEBER NUMBER CRITERIA 1O SUPPRESS GEVSERING =,F6,2)
| WRITE(6,T4)
W T4 FORMAT(IHO,Q7HTTOL = TOVAL TESY YIME REQUJRED TO SEVTILE FLUID)

VRITE(6,76)

T6 FORMAT(IHC, ]OX,6NVOLUME y 19X, THLEADING o 3X zSHFLUJD) —_
WRITE(b,77)
T7 FORMAT(LXy THPERCENT ,3X,6HL JOUID,8X, ! 2HLE ADING EOGE ,3X AHEDGE (6X ,SH
. $TOLL. y8X,26HTIME TO ACHIEVE EACH EVENT,TXo6NSYSTEN)
\{ WRITE(b,78)

b T T8 FORMATUIX,6HLTIQUTD ,0X, THIN TANK.3Xs12HVEL sy CH/SEC,3XybHACCEL o p4X \
“ﬁ’ S UHVEL . g6 Xy 2HTL o UX g 2HT 20X g 2HT 34Xy 2HT U UX2HTS 23X (M HTTOL ,3X 6 HACC &

Ay SEL. ¢ ULy UHBOND 93X g 2HLT 93X THOELTA VoO8Xo2HLY) :
AN WRITE(6,79)

719 beHAV|lX.7NIN YlNK.b!,JHCﬂS'SX.UHVLPP.QX.SH'[’.S!.7HCN/S[C2.3X.6N
i3 SCH/SEC, 3N INSEC ) 3N SHSEC, Xy IHSEC ) 3X 4 IHSEC o SN, 3HSEC, 3X 4 SHSEC , 0 X ) TH
” SN . 'CHISECZ.SX.JHNO..QX.?HCH.S!.GNCNIS[Cpﬂl'ZNCND
sty
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TABLE 1. - PROPERTIES OF TEST LIQUIDS

Liquid

Density at
20° C
(p),

3
g/cm

Surface tension
at 20° C
(o),

dynes/cm

wpecific surface

tension

(8,

cm3/sec2

Trichlorotrifluoroethane
Carbon tetrachloride
Ethanol, anhydrous
Methanol

Ethanol, 20 percent®

1.58
1.59
. 7189
. 193
.973

18. 6
26.8
22.3
22.6

39.8

11. 8
16. 8
28.3
28.5
40.9

AComposition by volume with distilled water.
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TABLE 1. - SUMMARY OF TEST CONDITIONS FOR THE

CYLINDRICAL TANK CONFIGURATIONS

’Test Tank [Fineness Test {luid Specific surface | Fill Tank Bond
radius | ratio tension (,3), level | acceleration | number
®). | (FR) emd sec®  [(FL)|  (ap), (Bo)
cm cm sec

1 1. 65 4 Trichlorotrifluorvethane 11.8 0.71 16.7 3.9

2 Trichlorotrifluoroethane 11.8 .83 16. 17 3.9

3 l i Ethanol, anhydrous 28.3 .81 36.3 3.5

4 Ethanol, 20 percent® 40.9 12 45.1 3.0
5120 2.25 Fthanol, anhydrous 28.3 .62 29.4 4.2

6 Ethanol, anhydrous 28.3 .29 29.4 4.2

7 Methanol 28.5 .51 29.4 4.1

8 Methanol 28.5 .33 29.4 4.1

3 Carbon tetrachloride 16. 8 .38 16. 7 4.0

10 Trichlorotrifluoroethane 11.8 117 11.8 4.0
il Trichlorotrifluoroethane 11.8 .45 11.8 4.0
12 | 3.22 2.14 Ethanol, anhydrous 28.3 .Nn 10.8 4.0
13 Ethanol, anhydrous 28.3 .45 10. 8 4.0
14 l l Carbon tetrachioride 16. 8 .39 10.8 6.7

| 15 Carbon tetrachloride 16.8 .87 10.8 6.7

dComposition by volume with distilled water,
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Time required for each
phase of reorientation, sec

Reorientation Tank Bond

Minimum Weber

time acceleration | number velocity | number
{t), (ap.}, (Bo) increment We)
t t t 0,
2 4 sec cm/sec (av),
cm/see
0.10 12.7810.741.920. g9 4.40 35,44 3.88 3.41
+20 12,17 70/2.44[1.79 |3 g9 b5, 41 4.97 3.75
-7012.8312.32(3,17) by 4 4.64 4.08
"7113.33/2.74 [2.69| by 45 5.14 4.52
-7713.69/3.0672.31| b5 3, 5.70 5.01
-0012.85/3.64 [2.20| D5 g4 5.75 5.06
3.97(1.76] b5 g3
4.39(1.32] bg5 gy l 1
. 4.98| .88[ b5 gg
a’tt=t1+t2+t3.
btt=t4+t5.
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TABLE VI. - SUMMARY OF TEST CONDITIONS ~OR INITIALLY

CURVED LIQUID/VAPOR INTERFACE IN SPHERICAL T ANK

Run| Tank | Liquid Fill | Specific surface| Bond Geyser
radius level| tension (3), |[number| formation
R), (FL)| cm3/sec? (Bo)
cm
1 | 3.00 |Ethanol |0.40 28.3 3.1 | None
2 ‘ Y None .
3 6.2 |Small |
4 .50 3.1 [ None
) 6.2 | Smal!
6 | 3.06 9.7 | Moderate
7 Freon TF 11,8 23.3 | Severe
8 Ethanol . 60 28.3 3.2 | None
9 ‘ Y None
10 6.5 | Small
11 .10 3.2 | None
12 Y 6.5 | None
13 | . 80 3.2 | None
14 ¢ Y 6.5 |None
15 | 2.62 .40 2.38 | None
16 | 2.59 Y 4,65 | None
17 .50 2.32 | None
18 ‘ Y 4.65 | None
19 | 2.43 .40 2.04 | None
20 .50 V | None
21 Y 4.09 | None
22 $ . 60 2.04 | None
23 Y Y Y | None
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TABLE VII. - SUMMARY OF TEST CONDITIONS FOR INITIALLY

FLAT LIQUID/VAPOR INTERFACE IN SPHERICAL TANK

ST T,

s ST

Run | Tank Liquid Fill | Specific surfacej Bond Geyser
radius level! tension (3), |number |formation
(Rp), (FL) cma/sec (Bo)

cm
1 | 3.06 |Ethanol 0. 30 28.3 1.62 |None
2 ! 3.24 [None
3 l 4.86 |Small
4 6.49 | Moderate
5 .40 1,82 |None
8 3.24 |None
7 4.86 |Small
8 ‘ 6.49 (Small
9 .80 1.62 [ None
10 3.24 |None
11 4,86 | None
12 8. 11 | Moderate
13 {} ‘ 8.49 | Small
14 {2.12 .30 1.56 | None
15 .40 Ncae
16 .50 ’ None
17 .80 ¢ None
18| 1 L] .10 ¥ {None
19 | 3.08 |Freon TF| .50 11.8 23.3 |Severe
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- Wire-release urag shield
Music-wire P R mechani counterbalance
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{a) Position prior to test drop. {b) Free fall tformation of ze »gravity
configuration},
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ic) Application of thrust {law-acceleration field), (d) Position after test drop,

Figure 1. - Schematic drawing showing sequential position of experiment package and drag shield before,
during, and after test drop,
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fDirection of applied
| acceleration
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Direction of gravity vector

- prior toentering reduced
Ry gravity
W [} Liquid
i --0-q liquid vapor
interface
! Leading edge
L \ -
i
ll i
; | Vo Location of rneasurement
1 R ' | o vetecity V"
. \ntersection of cylindrical and
- ) nemispherical sections of tank N
— ——_
.. - Assumed lacation of - Location of measurement
of velity V'

tank outlet
\b} Liquid focation at start of reorientation.

(a) Tank geometry.
Figure 2. - Definition of tank geometry and liguid location.
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Geyser tip locaticn from end of tank, ¢m
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{a) Geyser tip location.

Geyser tip velocity, cmisec
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(b) Geyser tip velocity,

Figure 5, - Geyser characteristics - test 5, Ry = 20cm, p =28 3cm3lsec2, Bo=42

L1

L2




0001 (
306" » 0
Y
20
" e i till level, (1t N
; © Fill feve., (i
4
S & put Vieber number
: 1 . c p
I L
- 4\ ha '
! 2 B0 . i
ot = \Weber number )
. and . N
% .
z 60 -
>

2
L ; S U S S IS U I JS—
2 4 6 8 10 12 0 2 a4 6 8 10 12
Bond number
(@) Specific surface tension - 1L 8 cmj/secz, {b) Specific surface tension = 28 3 cm3/sec2.

f L)
: 20
400 -
1
b
; fill level, D
g 2200+ Weber number
=
W
E
£ !
Y
S 100F-
g .
S 80
& L
3
L o
40 o

n R 1 —

0 2 4 b 8 10 12
Bond number

{c) Specific surtace tension = 40,9 cm3/sec2.

Figure & - Velocity increment required to reorient liquid as a function of Bond number and filf level; tank radius = 3 22 cia, fineness ratio= 2. Q

BV S AU S N S R N SR DU SN B !




Specific
surface
tension

),2

170
r cm”/sec
an9

8

o

Fill tevel, (FL}

Minimum velocity increment (AV), cmisec

- :J

= 3
N
8&

u

3

i

F

. Figure 7, - Minimum velocity increment required to re-
E, orient liquids with varying specific surface tension;

'; ‘ tank radius = 3. 22 cm, fineness ratio=20Q

b

]

’

e

e




e o T S N

~a— - L -
e . [ e e e e -
N .
- A
o e
Y =g
o 2 c
2 @ .,
. . = - ;
n = ;
2 © _
e .
g = 2 E |
2 30 —_—
[=a .
g = ey A,
= MI\ZNW ——— e _
5 AR i
= 2L heny
—{ o 5 2 E
=T
“ © oo ———
o= w
LS e ~
2 g5
< * m
E =+~ - —
_ ERR 1
= —e 2 2T2 ©
[T D B Y2 ac i
c - @ !
—_ (=] = —
o m = a
[ [ =l 1
@ E oS
- mnr
= o {~r S ™2 - - . H
[ =
g:3 |
> 2= :
Hm.w ]
3 _— : )
222 ]
QO
~ 22" !
— e T 5o
m -— ]
© 5 . )
cl ;
32 ® f
O e g -
| L | Lo Lo L o i .

g g W,w g g ! w

29S/WI “(AY) JUdWaDUL API3A

———

|

R —t




a1

-
A

e

il F il M fazEs

Minimum velocity increment (AV), cmisec

i
Tank
radius
50—
[ ®y),
cm
\ — 200
4o -
32
m —_
20
A EEE N NN AR W
0 .20 .40 .60 .80 100
Fill level, (FL)
figure 9. - Minimum velocity increment required to re-
orient liquid for varying fill Ievgl ang tank radius; spe-
cific surface tension = 1L 8 cm”/sec”, fineness ratio -
20

g e i 2 RS ok P

Nt et e -




20
g
E
(=]
=
ST
=
X
E 8
g
> 60
g
o
>
4
2

T i

[ M
| L 20
20
Fill level, (FL)
L Fill level, (F) |
i I .50
- L 30
- L .10
2
2
" Weber number
Weber number
| | | l | | { l | l J
0 2 4 6 & 10 0 2 4 6 8 10 12
Bond number

(a) Fineness ratio = 3,Q

Figure 10 - Velocity increment requjred

specific surface tension = 1L 8 cm-/sec”,

Ch s cmabmmeed e

h o - A i e e ke

(b) Fineness ratio = 4 Q,

ﬁo reorient fiquid as a function of Bond number and fitl level; tank radius = 3 22 cm,

T T o

———



[ G

Minimum velocity increment (AV), cmisec

Fineness

80 r ratio

4.0
01—
60—
3.0
50—
@
20
N
20._
| I | | J
1% 20 -4 .60 80 L0

Fill level, (FL)
Figure 1L - Minimum velocity increment required to re-
orient liquid; (gnk ridius = 3,22 cm, specific surface ten-
sion = 11, 8 cm”/sec”,

! ' ' 7 Pt {1 !




Bond number

:

< FR =20, all values of B and Ry
5 IS
4 —
FR=30and 40
p=1L8cm /secz
Ry=3 22 cm
3__
) s | 1 I
0 2 A4 6 .8 1.0
Fitl level, (FL)
Figure 12, - Bond number required for minimum velocity
increment,
! \_ ) ) | ! " : { 1

——

J




% 4
L d
. ' '.'
1 V(: i
3 1.
'I LY “'. .
1 .
‘! .
e
oy
Pl
. i \7.‘.:
[
|
N -
L
S
A [
o ' ,"
14
3 :"
A

-
J
|
i
|
¢
|
o
5 .
(-
SN
o

Velocity increment {AV), cmisec

40

10

o

Figure 13 - Velocity increment r
a cylindrical propellant tank having a radius of 200
ratio of 2.0, specific surtace tension = 7.6 cm3/sec

. 60

Fill level, (FL)

2 6 8 *-%‘ 12

Bond number

equired to reorient liquid hydrogen in
Sm and a fineness




A

\
TR
v E

Initial 0-G

liquid/vapor
interface

12‘ configuration

‘ O Curved

i 3 Flat Small
104 - PY Geyser

: "loderate formation

to severe

i Geyser
8+ - formation

3
<
g
g b
5 X
c ~
g ' 8 ;():[(:gkyli)er:
@ 4 - O
\ B8 8 oo o
|
| Q
2r? 8 8 o
| B @88 00
S S USRS NN SR
0 20 a0 60 .80 L0
Fill level, (b1}
tigure 14 - Bond number criteria for which Geyser for-
mation occurred in spherical tanks.
e — . e — A - I 1 .

-~



Hepart N,

NASA TM-78969

-
PR

2 Government Acomyin N,

T and Sttt

| LIQUID PROPELLANT REORIENTATICN IN A
LOW-GRAVITY ENVIRONMENT

PN

7 Authoris:

Irving E. Sumner

9 Pertorming Qrganization Name and Address

National Aeronautics and Space Administration

e g e

Lewis Research Center
Cleveland, Ohio 44135

V2 Sponsoring Agency Name and Address
National Aeronautics and Space Administration
Washington, D.C., 20546 ~

{0

———

August 1978 | ?

| - - — -

TS Tt ot Buopurs g b Cargret
¢

B S U———

! Technical Memorandum
[ e o

| 14 Spanuonng Aoy Code

1l o

_—
15 Su;mlumer\tdry Notes

16 Ahstract

geyser formation in the Weber number range from 4 to

tained from previously unpublished data. FEstimates of
quired to be imposed on the propellant tank to achieve 1

fill 1o ¢ls.,

drical tanks. It therefore appeared to be advantageous
then dissipate into the surface of the collected liquid in
increment. The Bond numbers which defined the separ

3 ranged from 2 to 9 depending upon the liquid fill level,

‘J 17 Key Words 1Suqgested by Authorisr)

Fluid mechanics
Propellant reorientation
Low gravity

20 Security Classt (ot l':-s ;»:u
Unclassified

B PR TN Nt Teone e .

.
19 Security Classit (ot this report.

Unclassified

NASA Colos e 1t

formation did and did not ocecur due to propulsive settling in a spherical tank configuration

18 f)x’s”lh.,!um Smtv*’vvn‘v:( i
Unclassified - unlimited [
STAR Category 34 ‘

—— - —

An existing empirical analysis relating to the reorientation of liquids in eyvlindrical tunks due
to propulsive settling in a low-gravity envirorment was extended to include the effects of

10. Predicted liquid reorientation

times and liquid leading 2dge conditions compared favorably with experimental results ob-

the minimum velocity increment re- '
iquid reorientation were made. The (
l
I
i

resulting Bond numbers, based on tank radius, were found to be in the range from 3 to 5, de-
pending upon the initial liquid fill level, with higher Bond numbers required for higher initial
The resulting Weber numbers, based on tank radius and the velocity of the liquid
leading edge, were calculated to be in the range from 6.5 to 8.5 for cylindrical tanks having
a fineness ratio of 2. 0, with Weber numbers of somewhat greater values for longer cylin-

to allow small geysers to form and I
order to achieve the minimun: velocity i
ation between rerions in which geyser I




